The MutS protein of Escherichia coli is part of the dam-directed MutHLS mismatch repair pathway which rectifies replication errors and which prevents recombination between related sequences. In order to more fully understand the role of MutS in these processes, dominant negative mutS mutations on a multicopy plasmid were isolated by screening transformed wild-type cells for a mutator phenotype, using a Lac+ papillation assay. Thirty-eight hydroxylamine-and 22 N-methyl-N'-nitro-N-nitrosoguanidine-induced dominant mutations were isolated. Nine of these mutations altered the P-loop motif of the ATP-binding site, resulting in four amino acid substitutions. With one exception, the remaining sequenced mutations all caused substitution of amino acids conserved during evolution. The dominant mutations in the P-loop consensus caused severely reduced repair of heteroduplex DNA in vivo in a mutS mutant host strain. In a wild-type strain, the level of repair was decreased by the dominant mutations to between 12 to 90%o of the control value, which is consistent with interference of wild-type MutS function by the mutant proteins. Increasing the wild-type mutS gene dosage resulted in a reversal of the mutator phenotype in about 60%o of the mutant strains, indicating that the mutant and wild-type proteins compete. In addition, 20 mutant isolates showed phenotypic reversal by increasing the gene copies of either mutL or mutH. There was -a direct correlation between the levels of recombination and mutagenesis in the mutant strains, suggesting that these phenotypes are due to the same function of MutS.
recombination between related sequences within the transposon which lead to excision.
The MutS protein binds specifically to heteroduplex DNA containing base mismatches (41) and deletions-insertions of up to four nucleotides (25) . The MutL protein has no known catalytic function, but its addition to the MutS-DNA complex increases the size of the DNA region protected by MutS from DNase I from about 20 to about 100 bases (41) . Upon binding to the MutSL-DNA complex, the endonucleolytic activity of MutH is activated, and cleavage occurs at the closest hemimethylated -GATC-sequence (reviewed in reference 21). The assembly and cleavage reactions require ATP, but only the MutS protein is known to have weak ATPase activity (12) .
The MutS protein appears to have been conserved during evolution, since genes encoding such homologs have been identified in Salmonella typhimurium, Streptococcus pneumoniae, Azotobacter vinelandii, Saccharomyces cerevisiae, mice, and humans (7, 8, 11, 14a-16, 22, 27, 31, 32) . In yeasts and other eukaryotes multiple homologs are present, in contrast to the bacteria, in which only a single species has been detected. It is not known whether the multiple homologs all play a role in mismatch repair in these organisms. The MutS homologs all show conservation of amino acid sequence, with the greatest identity occurring at the carboxy-terminal end (7, 8, 11, 14a-16, 23, 27, 31, 32) . Overexpression of the S. pneumoniae MutS homolog HexA (28) or the human homolog hMSH2 (7) in E. coli results in a dominant mutator phenotype consistent with interference of the normal MutHLS repair mechanism.
Site-directed mutational replacement of a conserved amino acid in the phosphate-binding loop (P-loop) motif of S. typhimurium MutS resulted in a derivative with reduced ATPase activity and reduced affinity for heteroduplex DNA (12) . The mutation responsible for the amino acid replacement was unable to complement a mutS mutation in vivo and conferred a dominant negative mutator phenotype to wild-type cells (12) .
Little is known about the domains of the MutS protein involved in DNA Table 3 are mutant plasmids derived from pMQ315. pMQ315, which bears the mutS+ gene, was derived from pBA40 and differs from it by three mutations (43) located near the transcription start site of the adjacent orfl l 7 gene (36) . For reasons that are unknown, these mutations allow pMQ315, but not pBA40, to be used for the isolation of domninant negative alleles.
The mutS458::mini-Tn10Kanr allele was isolated by insertion of mini-Tn1OKanr into pMQ315 as previously described (14) and recombined into the host chromosome (24) . Strains containing the mutS215::TnlO and mutS201::TnS alleles (39) were gifts from E. Siegel (Tufts University), and these alleles were transferred between strains by Plvir transduction.
Media. Complete medium was brain heart infusion broth (Difco) at 20 g/liter, solidified when required with 1.6% agar (Difco). The minimal medium was that of Davis and Mingioli (5) . MacConkey agar containing lactose was purchased from Strain CC106 containing pMQ315 was grown to the early logarithmic phase of growth in broth, and N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) was added to a final concentration of 20 ,ug/ml and incubated for 10 min. The cells were harvested by centrifugation, washed, resuspended in broth, and dispensed into several aliquots. After overnight incubation, the cells were plated on MacConkey agar, and the plates were incubated for 2 to 3 days at 37°C. One papillating colony was selected from each aliquot of MNNG-treated culture.
Colonies showing papillae were inoculated into broth and incubated overnight. Plasmid DNA was extracted and used to transform strain CC106 to ampicillin resistance on MacConkey agar. Colonies showing papillae were tested further for spontaneous occurrence of rifampin and nalidixic acid resistance by spotting 8 ,ul of a saturated broth culture on broth plates containing 100 ,ug of rifampin per ml or 100 jig of nalidixic acid per ml. Isolates which showed increased mutagenesis to these drugs were kept for further analysis and are listed in Table 3 .
Localizing mutations by fragment swapping. An MluI site located a little more than one-third into the coding sequence of the mutS gene was used to localize the mutations as either promoter proximal or promoter distal in conjunction with the unique pBR322 EcoRI site. The two EcoRI-MluI fragments from each mutant plasmid were isolated from low-meltingpoint agarose gels (FMC, Rockland, Maine) and used to replace the corresponding fragment in pMQ315. The hybrid plasmids were used to transform CC106 to ampicillin resistance on MacConkey agar, and after incubation of the plates for 2 to 3 days, the colonies were scored for papillation.
DNA sequencing. Double-stranded plasmid DNA was sequenced by the dideoxy chain termination technique (35) as described previously (33) . Synthetic oligonucleotides of 15 to 17 residues corresponding to various sites in the mutS gene were used as primers.
Heteroduplex DNA repair. The substrates and assay method for repair have been described elsewhere (25) . Because the heteroduplex substrates are pBR322 derivatives, it was neces- After mixed incubation for 60 min, the culture was blended for 1 min in a Vortex Genie mixer and then diluted, and aliquots were plated on minimal medium selective for Leu+ or Lac' recombinants. The medium also contained streptomycin at 50 ,ug/ml to contraselect the donor cells. The plates were incubated at 37°C for 2 days before being scored. Reversion was measured by plating unmated recipient cells on medium selective for Leu+ revertants. The reversion frequency was at least 10-fold lower than the recombination frequency.
Inviability of dam recA (Ts) bacteria. The pMQ315 mutant derivatives were introduced into strain GM84 (19) by selection for ampicillin resistance at 30°C. After each transformant was purified by streaking for single colonies, overnight cultures of the strains were diluted and plated in duplicate. One set of plates was incubated at 30°C and the other was incubated at 42°C, and the plates were scored after overnight incubation.
RESULTS
Isolation of dominant mutations. We have used a Lac' papillation assay to identify dominant negative mutator mutations which increase the rate of Lac-to Lac' reversion. We introduced the mutS215::TnlO allele by P1 transduction into each of the CC101 to CC106 strains which contain different mutations at the same lacZ codon which specifies the activesite glutamic acid residue in ,B-galactosidase (4). As shown in Table 2 , the extent of reversion as measured by Lac' papillation was most pronounced in the CC106 mutS derivative (GM4257), which can revert only by an AT to GC base pair change (4). After 3 days of incubation at 37°C, every colony of GM4257 on MacConkey agar showed extensive papillation, whereas colonies with multiple papillae were observed in less than 0.5% of the wild-type parent (CC106) colonies. Papillation was reduced to the wild-type level when GM4257 (mutS215) harbored a multicopy plasmid (pMQ315) containing the wild-type mutS gene (Table 2) . Increasing the mutS gene dosage in the wild type did not increase papillation above the background level (Table 2) .
Plasmid pMQ315 contains the wild-type mutS gene under control of the endogenous mutS promoter which is located about 75 nucleotides upstream of the gene (43) . The plasmid DNA was mutagenized with hydroxylamine in vitro or with MNNG in vivo and used to transform strain CC106 to ampicillin resistance on MacConkey agar. The plates were scored for papillation after 3 days of incubation at 37°C. The yield of transformed colonies containing two or more papillae was about 1.0%. Plasmid DNA was extracted from each colony containing two or more papillae and was used to retransform strain CC106. Isolates showing more papillae than the wild type were kept for further study. These isolates (which are listed in Table 3 ) also showed an increased mutation frequency to rifampin resistance (data not shown), indicating a generalized mutator effect.
Identification of ATP-binding site mutants. The P-loop motif of the ATP-binding sequence (42) is found in all known MutS homologs (Table 4) . We used a synthetic oligonucleotide primer to sequence the DNA coding for the P-loop consensus of all the mutant isolates. Nine of the dominant mutations mapped to this region, resulting in four amino acid substitutions, three of which alter consensus amino acids (Table 4) .
Identical mutations at residues 619 and 621 were detected in three and four independent isolates, respectively. We assume mutations affecting the P-loop residues decrease ATP-binding (22, 31) . At present, the mutational alterations of 28 dominant negative mutations have been identified at the DNA sequence level, including the nine which map to the P loop. The location, base change, and predicted amino acid substitution for each mutation are listed in Table 3 and summarized in Table 4 . It should be noted that we have not yet sequenced the entire N or C fragment for each mutant plasmid in which a mutation has been identified and cannot exclude the possibility that additional mutations might be present.
The mutations result in 14 amino acid substitutions ranging from glycine 117 through glycine 698. These amino acids, except for glycine 117, are conserved in all or almost all known homologs (Table 4 (25) . Wild-type and mutS::TnS bacterial strains containing dominant mutS mutations were transformed with heteroduplex molecules containing a two-base deletioninsertion and assayed for repair as previously described (25) . The results in Table 5 12 and 90% depending on the mutation (Table 5 ). The exceptional 90% repair value occurs with the mutation altering the nonconsensus glycine 618 adjacent to the P-loop motif. The P-loop minus, but these designations are more qualitative than quantitative. In the absence of the wild-type mutS plasmid or with the pACYC184 vector alone, the cells have a mutator phenotype. Introduction of the wild-type mutS plasmid results in the reversal of phenotype to nonmutator in 34 of 60 mutant isolates ( Table 6 ). The phenotypic reversal is consistent with competition between wild-type and mutant MutS molecules. In 26 isolates, no reversal of phenotype was detected. This negative result might mean that there is competition but that a higher copy number of the wild-type plasmid is required or that the mutants represent a class which binds more tightly to either DNA or other Mut proteins.
We also tested the effect of multicopy wild-type mutH and mutL plasmids on phenotypic reversal of the mutS dominant mutants. As shown in Table 3 , mutS499 was subject to phenotypic reversal by the mutH but not by the mutL or mutS plasmids. The mutational alteration in this mutant has not yet been determined.
Fourteen mutS dominant mutations affecting five different amino acid positions (621, 659, 673, and 693 and one undetermined) showed phenotypic reversal by not only the mutS plasmid but also the mutH plasmid. A more complex pattern of phenotypic reversal occurred in six mutants (the sequence alteration is unknown in all but one) in which all the mut plasmids changed the phenotype. At present we do not know the mechanistic basis for the results with the mut plasmids, but biochemical assays of MutS action with purified mutant proteins in the presence of MutH and MutL might uncover it.
Genetic recombination and spontaneous mutagenesis in the mutS dominant mutants. We were interested to learn whether the dominant mutations in mutS affected the frequency of homologous recombination. Recombination between two closely linked markers is elevated in a mutS strain relative to that in the wild type (6) . We used Hfr x F-crosses to score for recombination between two closely linked leu alleles which requires crossing over to occur between them (6, 23) . As an internal control, we scored for the inheritance of a donor marker (Lac') which does not require cross-overs in a small region for incorporation into the recombinant.
An Hfr strain (leu-9) was mated with a leu-3 lacZ813 Strr recipient and the frequency of Leu+ Strr and Lac' Strr recombinants was measured ( Table 7) . The results are expressed as a ratio of Leu+ to Lac' in order to reduce variation in recombinant yields from experiment to experiment. When the recipient was also mutS458::mTnlOKanr, the recombinant ratio increased about 10-fold because of the increased number of Leu+, but not Lac', recombinants. The presence of pBR322 (and/or ampicillin in the medium) reduced recombinant yields but did not change the recombinant ratio. The mutS plasmid, pMQ315, in the mutS458 host decreased the recombination ratio to the wild-type level (Table 7) .
Recipient cells containing the dominant negative mutant mutS plasmids were mated with donors, and the resulting recombinant ratio (Leu+ to Lac') was measured. These are listed for each mutant in Table 3 . The mutants fall into three classes: those which are similar to the wild type, those which yield results similar to those with the mutS458 control, and those which are intermediate between these values.
In each cross above, Leu+ reversion of the recipient cells containing the dominant negative mutator plasmid was also measured, and the results are listed in Table 3 . The frequency of Leu+ reversion was always at least 10-fold less than the recombination frequency. Examination of Table 3 indicates that the reversion and recombination phenotypes are strongly correlated: all the mutants are either increased for both substantially, increased for both marginally, or not increased for both relative to the wild type.
Inviability of dam recA (Ts) strains. Strains which are dam and recA(Ts) have a lower efficiency of plating at 42°C than at 30°C (19) . Among the revertants which have a normal plating efficiency at 42°C are those with mutations in the mutS gene (19) . That is, inhibition of mismatch repair allows survival of the dam recA strain. Since the dominant negative mutS mutations are expected to influence this phenotype, we tested the effect of each mutation, and the results are listed in Table 3 .
In most cases the ability to restore growth at 42°C or not is correlated with the mutability and recombination phenotypes. That is, mutants with increased mutability and recombination also allow growth (Table 3 ) of the double mutant at 42°C, and vice versa. In about a third of the total number of mutants, however, there was no correlation between viability of the double mutant and recombination-mutagenesis.
DISCUSSION
We isolated dominant negative mutations in mutS in order to define functional regions of the protein. Such mutant proteins are predicted to be relatively stable and to interfere with the action of the wild-type enzyme in multimerization or DNA binding or interaction with other Mut proteins. The preliminary genetic characterization of the mutants reported here suggests that the approach we have used yields an assortment of variants. It is important to note that the mutant proteins are defective and differentially affect mutability, recombination, repair, complementation, and viability of dam recA bacteria, through interference of wild-type protein activity. These differences allow us to arrange the mutations into classes from which representative purified mutant proteins can be characterized biochemically. We have begun this process since it is not necessary that all the mutants be completely characterized; this can be achieved when a definitive biochemical basis is obtained for representative strains.
We cannot be certain that the sequenced mutations are responsible for the phenotypes we have observed, although we believe it is highly probable. This uncertainty is due to the possibility that additional mutations are present. On the other hand, independently isolated identical DNA sequence changes display the same phenotypes, suggesting a causal relationship. To prove the correlation between genotype and phenotype, we will either sequence to completion the fragment containing the mutant allele or introduce the same mutations by site-directed mutagenesis and examine the phenotypes, which should be identical to those of the original mutant.
The ATP-binding site P-loop mutants affecting consensus amino acid residues 614, 619, and 621 can be divided into three phenotypic groups. Mutants (Table 3 ). It will be of interest to determine whether the mutant proteins display altered properties at the biochemical level. In this regard the substitution mutation affecting consensus residue 620 studied by Haber and Walker (12) showed reduced ATPase activity and affinity for heteroduplex DNA. The glycine at position 618 is not part of the P-loop consensus (42) but is conserved in all but one MutS homolog (Table 4) . Mutations The 28 sequenced mutations should alter 14 amino acid residues of which all but one are highly conserved (Table 4 ). This indicates that the mutagenesis procedure was very efficient, although only GC to AT changes were found. Further mutagenesis will utilize methods which will allow for greater recovery of AT to GC changes. We have not yet located the mutational alterations in all of the mutants. This presents some difficulty because of the relatively large size of the gene, 2,561 bp (36) . Although fragment swapping is helpful in reducing the size of the region to be sequenced, the task is still formidable. We are currently trying to develop methods to allow rapid location of mutations in genes as large as mutS.
The complementation data in Table 6 have allowed the mutant alleles to be separated into five groups. We plan to test representatives from each group for detailed biochemical analysis, since this will be the only way to determine the mechanistic basis for their action, especially for those alleles which have their phenotypes reversed by multicopy mutH and mutL plasmids.
The recombination test used here is a variation of that described by Norkin (23) 
